glasses. X-ray diffraction, high-resolution transmission electron microscope images and energy dispersive X-ray spectroscopy measurements confirmed the precipitation and distribution of cubic BaGdF 5 nanocrystals (around 10 nm in size) in the glass matrix. The luminescent properties, via excitation and emission spectra along with decay curves, were studied. In order to complete the structural analysis, the luminescent features of Eu 3+ and Sm 3+ ions were also used as sensitive probes, confirming the distribution of a significant fraction of dopant ions into the fluoride nanocrystalline environment. Intense visible emissions were obtained through efficient energy transfer from Gd 3+ to RE ions, which leads to consider these materials as potential emitting phosphors for colour converted UV LEDs.
the 4f-4f transitions in the UV to blue region. Thus, in principle, it seems that these ions are not suitable to be used in LED conversion phosphors. However, this problem could be solved by incorporating RE ions to Gd 3+ -based fluoride NCs acting as low phonon energy hosts (like those based on La 3+ and Y 3+ ), but at the same time, as sensitizers for RE ions.
Thus, compared with other fluorides, BaGdF 5 (phonon energy of 457 cm -1 [28] ) is considered an excellent host matrix for down and up-conversion processes. As reported in
[29] the up-conversion luminescence intensity of active-core/active-shell (BaGdF 5 :Yb 3+ -Er 3+ /BaGdF 5 :Yb 3+ ) nanoparticles was much higher than that of β-NaYF 4 :Yb 3+ -Er 3+ nanoparticles with similar particle size and the same doping concentration. Moreover, ET from Gd 3+ to RE ions, has been observed and studied by many researchers [27, [30] [31] [32] [33] . In these cases, Gd 3+ ions can efficiently absorb UV radiation and then transfer energy to the RE ions.
On the other hand, there are only a few reports about photo-luminescent properties of gadolinium fluoride based nGCs, where most of them have been prepared by a meltquenching method [8, 10, [33] [34] [35] [36] [37] [38] . In this respect, a different method to obtain nGCs is by thermal treatment of precursor glasses synthesised by a sol-gel technique. This method presents advantages such as its simplicity, low cost and precise control of the final composition [39] when compared with conventional melting methods. Moreover, starting materials (in particular RE-dopant ions) can be mixed in the sol-gel method at a molecular level, thus improving the luminescence.
In this work, we present un-doped and RE-doped nGCs containing BaGdF 5 NCs obtained by a sol-gel method. The presence of cubic phase structure BaGdF 5 NCs was confirmed by X-ray diffraction (XRD) patterns and Transmission Electron Microscopy (TEM-HRTEM) images. In order to analyse the incorporation grade of the RE dopant ions in the BaGdF 5 NCs, Eu 3+ and Sm 3+ ions were also used as structural optical probes taken advantage of the hypersensitive nature of the 5 D 0  7 F 2 and 4 G 5/2  6 H 9/2 transitions respectively, allowing us to distinguish between crystalline and glassy environments for RE ions. In all cases, an efficient ET between Gd 3+ and RE ions (yielding intense visible emissions) was demonstrated, and the corresponding mechanisms were described.
Experimental
Silica glasses with composition 95SiO 2 -5BaGd (1-x) RE x F 5 (x= 0 or 0.02) in mol%,
where RE = Eu 3+ , Sm 3+ , Dy 3+ and Tb 3+ , were obtained by sol-gel method in a similar way as the one described in ref. [40] . ºC for several days. The gels were then dried by slow evaporation for approximately four weeks to remove residual water and solvents. Finally, these sol-gel glasses were heattreated in an air atmosphere at 650 ºC in order to achieve the controlled precipitation of BaGdF 5 NCs required to produce transparent nGCs.
Powder XRD patterns of the samples were recorded with a Philips Panalytical X'Pert Pro diffractometer equipped with a primary monochromator, a Cu K  radiation source, and an X'Celerator detector. The XRD patterns were collected with a step of 0.016º in the 2 angular range from 15-90º and an acquisition time of 2 h. Furthermore, the diffraction pattern of LaB 6 was used as an internal standard to calibrate the parameters of the instrumental profile. TEM-HRTEM images and energy dispersive X-ray spectroscopy (EDS) were obtained by using a JEOL 2010F microscope operating at 200 kV and equipped with a Field Emission Gun, which allowed us to achieve a point-to-point resolution of 0.19 nm. Samples were prepared by dispersing fine powder, obtained by grinding the samples in acetone and dropping them onto carbon-coated copper grids. NCs are presented in Fig.2 
Luminescence
We now focus on the spectroscopic study in terms of excitation and emission spectra, along with time-resolved measurements in BaGdF 5 nGCs un-doped and doped with Eu 3+ , Sm 3+ , Dy 3+ and Tb 3+ ions. These dopant ions have been selected due to their multicolored and bright luminescence, related with an efficient ET from Gd 3+ ions, as will be discussed next.
Excitation and emission spectra of the un-doped nGC are shown in Fig.4 , detecting and exciting at the indicated wavelengths. The energy level diagram of Gd 3+ ions is also included. The excitation spectrum consists in sharp and structured peaks in the characteristic UV region of Gd 3+ ions, assigned to transitions coming from the ground level 8 S 7/2 to the excited levels. The corresponding emission spectrum, exciting at the most intense excitation peak at 272 nm, shows a unique emission peak located at 311 nm, which corresponds to the transition from the excited level 6 P J to the ground level. We then study the luminescent properties in the Sm 3+ -doped nGC according to the energy level diagram (see Fig.5 ). This also allows us to complete the structural analysis of these nGCs, for these ions (such as Eu 3+ ions) have been frequently used to investigate the local symmetry around RE ions.
The excitation spectrum detecting at 597 nm (corresponding to 4 G 5/2 → 6 H 7/2 transition of Sm 3+ ions) is shown in Fig.7(a) The overall emitted colour for the studied nGCs can be represented by a point in the CIE standard chromaticity diagram [48] . The colour coordinates on this diagram correspond to the chromaticity seen by the naked eye after a correction to sensitive receptors of the eye. In this sense, Fig.9 (a) Finally, in order to confirm the ET from Gd 3+ to RE dopant ions, time-resolved luminescence measurements were carried out in the studied BaGdF 5 nGCs (see Fig. 9(b) ).
In all cases, luminescence decay was analysed by exciting the transition 8 S 7/2 → 6 I 7/2 (at 272 nm) and detecting the emission 6 P 3/2 → 8 S 7/2 (at 311 nm) of Gd to RE ions, suggesting that these materials can be considered as potential phosphor for colour converted UV LEDs. [ 
